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Optical Measurements of Surface Oxide Layer Formation on Metal Films
Marion L. Scott

Materials Science and Technology Division
Los Alamos National Laboratory
Los Alamos, NM 87545

We have employed twn optical techpinue< which nive complementary indications nf
the formation of monolayers of oxide on freshly evaporated aluminum and silicon thin
films. Visible ellipsometry is utilized to observe the growth of tnhe initial monolayer
of oxide on these films. From these data, we deduce the pressure and coverage depen-
dence a. well as the growth rate for the initial monolayer arising from these surface
reactions. In addition, extreme ultraviolet (XUV) reflectance vs angle of incidence
measurements at 58.4 nm wavelength clearly indicate the growth of oxide on the surface
of our freshly deposited aluminum and silicon films as well, We have utilized this
reflectance data to deluce the optical constants of aluminum and silicon at 58.4 nm.
We find that previous XUV measurements of these optical constants were hampered by the
preserce of oxides, We also determined that the XUV reflectivity performance of
aluminum films freshly deposited in our UHV system dor-. not degrade appreciably when
stored for four weeks in a helium atmosphere of 2 x 10 ! Torr.

Key words: aluminum; ellipsometry; oxidatinn; reflectance; silicon; UHV films;
XUV,

1. Introduction

Applications for XUV grazing incidence reflectors range from resonator mirrors for an XUV
free-electron laser to imaging optics for XUV photnlithography and synchrotron optics [1,2].
These applirations can take advantage of the total-external-reflectasce {TER) which occurs for
aluminum and silicon in the extreme ultraviolet (XU¥), The performance of these grazing inci-
dence reflectors can be significantly deqraded by the presence of oxide surface layers that form
on the thin film reflectors when they are exposed to the atmosphere [3-A1. We have undertaken a
study of the formation of surface oxide layers that form on aluminum and silicon thin films
deposited in our ultra-high vacuum (UHV) deposition system [9]). We utilize in situ visihle
ellipsometry to observe the time evolution of the surface oxidation and in situ XUV refloctometry
to determine material optical constants and the loss of XUV reflectance Trom the oxidized sur-
face,

7. UWY Deposition and Analysis Chamber

Our UMV chamher is capable of a base pressure of 2 x 10710 Torr when 3t is fully baked at
200°C for 24-48 hours. The pumps on the system are oil-free (sorption/don/cryo pumps) to avoid
any problems with carbon contamination. Heating of our chamber i« accomplished with a combina-
tion of quartz lamps 1pside the chamber and external heating tapes. The electron heam source and
quartz crystal thin film thickness monttor are water cooled. The pump down sequence for this
chamber, which includes a bakeout, requires one and a halt to two days.  The chamber is {11y -
trated «chematically in fiqure 1,

A5 cm diameter siltcon substrate is attached to an adjuctable sample holder which can be
translated in three orthogonal directions and rotated about the plane of incidence for ellipuo-
metry and retlectance measurements, The matevial in the shuttered e-beam souroe iv pvaporated
onto the substrate with the film thackness contralled by a quartz crystol monitar,

RN Visthle Fllipsometor

The in vt visible ol hipsometer employed on o Y chamber . 2 Gaertner model [ TOAALL
rotating apalvzer, automated el lipsometer with a he lige neon Tawer Tight somvee. The source and
decector modules ef the ellipuometer ave located nutuade the UBY chamber and view the sample
throvgh fused viliea window . Tnoarder to avoid problen. with strecs an!' temperature ynduced
oeefrapgence an the fused o laco window' o we utrlzed o dafterentral meavurement of the o) Tipao-
petefie parameter delta, Thun o anly changes b delta were yeed to caloulote the change in sortace
oxvde Dayer thicknen.
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Figure 1. Schematic drawing of our UHV deposition and analysis system. All vacuum pumps are
oil-free. The in situ visible ellipsometer and XUV reflectometer are used to measure
the oxidation of freshly evaporated films.

3.1 Aluminum Film Oxide layer

The growth of a monnilayer of oxide on the surface of a thin film is adequately modeled by
the time evolution of the fractional coveraqe parameter ¢, qiven by

9 pepr(1-” (1)

dt

where R is the rate constant, D is the pressure, n is the order parvamcter, and t is the time,
The ellipsomecer data tor aluminume expased to ¢ x 107¥ Torr of oxyaen is given in figure ?a and
the solid curve i« a fit of eq. (1) to thiy data. The value for R found from this fit ic

2.849 x 10" [monolavers/Torr*min], In addition, we find that the orcder paramwter n - 1, which
implies that thin is a firvt order reaction., Another set of dota which was takenr on aluminum
exposed to ] » 107F Torr of oxygen is giver in figure b and the solid curve 14 calcuiated from
eq. (1) with the rate constant and order parameter deduced from the previous experiment.  The fit
to the data in figure b is qead, whict indicates that the linear pressure dependence in eq. (1)
tv correct tor this reaction, The mee ved rate convtant for aluminum irdicates a sticking
torfficient of .0h, which mans that oy b ont of 100 oxygen molecules that sirike the freyh
aluminem surface "stick” to the surface.

A second set of elhipsonerrie experaments was parforned on fresh aturioun expoued to watem
vapor instead of oxvgen.  The recplts of these experiments are dndieated an tigures 3o oand db ol
water vapor pressyres of ©ox 16" yore and 1ox 10 Torr, respectively,  Theee data alun £41t
equation (1) using the same rate constant and orde pardameter that were obtained for the oxyger
data.  However, there §o a time delay ot the start of tae reaction for water vapor.  The time
delay wales lTinearly with the pressure ac can he seen trom these twe figures.  This time deloy
miy beocaused by the farmation of fnittal nucleatson wites before the alum:nur serface repe tion
can pro¢eed,
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Figure 2. The growth of a monolayer of oxide on a froshly deposited aluminum fiim exposed to
a) 2 x 107t Torr and b) 107F Torr of oxygen is shown in this ellipsometer data, The
solid curves are calculated from a fit of eq. (1) to the data in a) and this fit
yield. the parameters given in the text.
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Figure 3, The growth of a monolayer of oxide on a freshly deposited aluminum film exposed to
a) & x 167F Torr and b) 107F Torr of weter vapor is shown in this ellipsometer data,
The sohd curves are calculated with eq. (1) using parameters fit to the data in
figure 7a with the addition of a time delay at the heginning of the run.

3.8 Sthicon il (s ide Layer

We have evaporeted siticon films onto specially prepared «ilicon substrates in a manner
analaqous to the experiaents performed with aluminum. The spacinl prepacation of the substrates,
nvolved evaporating aluminum tilmy, which were subsequently oxidized, onto the <llicon sub-
wirates. Uplike aluminun, silicon is relatively transparent to the 6308 nm HeNe ellipaometer
wource and thiy preparation was required to epharce the senvityvity of the ellipsometer to the
fevmation of vilicon oride on the surface of freshly deposited ~ilicor,

The results of our ellpsometer measurenents of oxide arowth on silicor are indieated in
figqures 4a and 4b tor oryaen pressares of 1 ox 1077 Torr and & x 1078 Torr, respectively,  The
indicated 11t of ey, (1) to these data vields a rate constant B - 6.0 x 10" [monolayers/Torrdmind
and Tinear pressgre dependence, The order parameter for the silhicon/oryaen react fon is tound to
bee 0 which tndicates that thiy iv a second order veacton.
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Figure 4. The growth of a monolayer of oxide on a freshly deposited silicon film exposed to
a) 1077 Torr and b)5 x 107* Torr of oxygen is shown in this ellipsometer data, The
solid curves are calculated from a fit of eq. (1) to the data in a) and this fit
vields the parameters given in the text.

4, XUV Reflectometer

fThe in situ XUV reflectometer, which 1s an integral part of our UHV vacuum chamber, consists
of a capiTlary discharge source, a simple grating monochrometer, an imaging microchannel plate
detector, and a sampie holder with several degrees of freedom {our XUV polarizer was not used in
these measurements). The detector and sample can be rotated about the plane of incidence in
order to measure reflectance vs angle of incidence. The sample can also be positioned in x,y,z
translations for proper alignment. There is no «indow between tie gas discharge source and the
UHY chamber due to the excessive absorption of XUV photons that would be caused by such a window.
The errar 1ir our XUV reflectance measurements is estimated to be 21 of the measured value,

4.1 Alyminum Fllm Reflectance

Reflectance vs angle of (s idence measureients were performed or a freshly evaporated
aluminum film at 58.4 nm in our UHY system. In additinn, we exposed the sample tn sufficient
oxvgen 1n our chamher to form a monol ver of surface oxide and we then remeasured the reflec-
tance, Finally, we vepted the chamber to air for about 35 minutes before pumping the chamber
down again and remcasuring the refiectance. The recults of these measurements are given in
fiqure 5. The calculated curves in figqure 5 utilize! previously published optical constants for
the oxides of silicor and aluminum [10,11]. The aptical conttants for the aluminum were fit o
the reflectance data for the frech alumirum film and tren used In o1l three calculated curves.
The opticdl constants derived from this analysis are . ver in table 1. The constants given in
the column labeled "old" are from reference 10.

The reflectance data In fiqure % indicate that there iv a strong total-external-reflectance
{HR) effect in aluminum at 58.4 nm wavelength, In addition, this data indicates that a surface
oxide laver has a very serious dearading effect on the XUV reflectance of aluminem f:1ms.

4.7 Silicon Film Reflectance

We measured the reflectance vs angle of incidence at 584 nam for a freshly deposited siltcon
film as shown in fiqure 6, We then performed surface oxidation and =ellectance measurements on
this sthcor sample wimilar to those already described for aluminum.  The optical constant« of
the ortde layers were obtatned from published values as in the aluminum case [10,11]. The
optical constants for <ilicon were obtained from a fit to the reflectance data from the frechly
deponited film and these conntants were used in the three calculated curvey In tigqure 6, The
optical constants abtained from this work are compared to previously published values o table |,

The XV vefloctance of «ilicon shows & pronounced TR effect that s not guite as dramst i
an that of awminum due 'o the higher absorption of silicon {(see k valuet in table 1), | KN
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Figure 5, Reflectance vs angle of incidence for an aluminum film at 58.4 nm wavelength. The
solid line is calculated for aluminum that is ox‘de-free (corresponding to the e
data). The dashed line is calculated for aluminum with one surface mcnolayer of oxide
(corresponding to the @ data). The dottec line is calculated for aluminum with three
surface monoltayers u* oxide (corresponding to the & data).

Table 1. Optical constants at 5.4 nm

Material 01d This Work

&1uminum n 0.71% 0.700:0.005
k 0.024 0.010:0.002

Siticon n 0.637 0.637-0.005
k 0.054 0.042:0,003

also evident frow these reflectance measurements tha. the presence of surface oxide on silicon
degrades the XUY rerlectance but not an dramatically as the aluminum case.

I, Reflector [ifetime

The tifetime of a UNV aluminum reflector can also be evaluated with the XUV reflectance
measurement outlined in this paper, In order to accomplish this measurement, we overcoated the
oxidized aluminum sample with a tresh layer of aluminun §n the UHV svetom,  We measured the
reflectance ve angle of incidence for this fresh tdm (indicated §n fiqure 7) and then allowed
the film to «it in the UHY chamber for 4 weeks.  The pressure in the UHV chamber during this ife
test was qreater than 2 < 107" Tory (mostly helium from our XUV source), After the four weebe. of
rlapsed time, the reflectance was remeasured and this result i« given in figure 7, We were vevy
pleased to observe that the reflectance degradation Auring this Tife test was minimal.
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Reflectance vs angle of incidence data for a silicon film at 58.4 nm wavelength. The
solid line 1s calculated for silicon that is oxide-free (corresponding to the e data).
The dashed 1ine is calculated for silicon with one surface monolayer of oxide (corres-
ponding to the @ data). The dotted line is calculated for silicon with two surface
monolayers of oxide (corresponding to the & data).
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Reflectance vs angle of incidence for a fresh aluminum film overcoating a previously
depocited and oxidized aluminum film (solid Tine and 4 data). Thivx same film is
measured aqgain after four weeks in our UMV system at a helium pressure of 72 x 107"
Torr or greater (dotted line and o data). The interference effect seen between 1%
and 45" i< due to subsurface reflections from the subutrate and overcoated aluminum
plus oxide lave. s,



6. Conclusions

The formation of surface oxides on aluminum ard silicon films freshly deposited in an UHV
system have been observed with visible ellipsometry. A monolayer of surface oxide forms on the
aluminur when exposed to sufficient oxygen or water vaper with a sticking coefficient of .05 in
each case. There is a significant time delay before the start of the formation of Zhe oxide
monolayer for water 1apor, whereas there ic no delay in the case of oxygen exposure. Similarly,
a monolayer of surlace oxide forms or Tresh silicon, when exposed to a sufficient quantity ot
oxvoer, with a .0) sticking roefficiert, Siljcan doec npt $arm ar oyide in our UMY chamber whon
exposed to water vapor pressures as high as 107“ Torr.

XUV reflectance vs angle of incidence measurements on aluminum and silicon films fresnly
evaporated in our UHV chamber and subsequently exposed to oxygen indicate substantial reductions
in reflectance caused by the oxide. Optical constants determined by our measurements indicate
lower absorption values for both aluminum and silicon than previously published values. The
lower values of the absorption index k obtainec in this study are probably due to the high purity
of the starting material and the lack of any oxidation during the deposition in our UHV chamber,

A four week life test for an aluminum reflector indicated that minima' degradation of the
reflectance occurs when the mirror is kept 1n an UHV system with minimal oxygen and water vapor
partial pressures.

The authors would like to acknowledge the financial support provided to this project by the
Institutional Research and Development funds of the Los Alamos National Laboratory.
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